The ability to electrically-drive spin excitations in molecules with magnetic anisotropy is key for high-density storage and quantum-information technology. Electrons, however, also tunnel via the vibrational excitations unique to a molecule. The interplay of spin and vibrational excitations offers novel routes to study and, ultimately, electrically manipulate molecular magnetism. Here we use a scanning tunneling microscope to electrically induce spin and vibrational excitations in a single molecule consisting of a nickelocene magnetically coupled to a Ni atom. We evidence a vibron-assisted spin excitation at an energy one order of magnitude higher compared to the usual spin excitations of nickelocene and explain it using first-principles calculations that include electron correlations. Furthermore, we observe that spin excitations can be quenched by modifying the Ni-nickelocene coupling. Our study suggests that nickelocene-based complexes constitute a model playground for exploring the interaction of spin and vibrations in the electron transport through single magnetic molecules.
The ability to electrically-drive spin excitations in molecules with magnetic anisotropy is key for high-density storage and quantum-information technology. Electrons, however, also tunnel via the vibrational excitations unique to a molecule. The interplay of spin and vibrational excitations offers novel routes to study and, ultimately, electrically manipulate molecular magnetism. Here we use a scanning tunneling microscope to electrically induce spin and vibrational excitations in a single molecule consisting of a nickelocene magnetically coupled to a Ni atom. We evidence a vibron-assisted spin excitation at an energy one order of magnitude higher compared to the usual spin excitations of nickelocene and explain it using first-principles calculations that include electron correlations. Furthermore, we observe that spin excitations can be quenched by modifying the Ni-nickelocene coupling. Our study suggests that nickelocene-based complexes constitute a model playground for exploring the interaction of spin and vibrations in the electron transport through single magnetic molecules.
Magnetic molecules are potential candidates for information-storing technology [1] , molecular spintronics [2] and quantum computing [3] , provided that their axial magnetic anisotropy DS 2 z ensures a magnetic bistability among longlived magnetic states. But molecules also vibrate. In particular, in magnetic molecules the interplay of vibrational modes, or vibrons, with the spin degrees of freedom is known to impact the spin lifetime [4] [5] [6] . Since vibrational modes can couple to the electric charge, producing vibron-assisted electron excitations in transport [7] [8] [9] , expectations are that similar effects should be also observed with the electronic spin [10, 11] .
Concerning this last point, experimental work has predominantly focused on a well-known spin-related manybody effect, the Kondo effect. The electron-vibron interaction in Kondo molecules was shown to produce satellite Kondo resonances in the differential conductance spectra at the bias of the vibron's excitation energy [12] [13] [14] . These resonances were ascribed to tunneling electrons that have their spin flipped when elastically scattering off the molecular spin, but with sufficient energy to activate a vibrational mode in the molecule [15] . The question arises whether a similar mechanism is also possible with other spin scattering mechanisms that magnetically excite a molecule such as inelastic scattering involving magnetic anisotropy [16] . These so-called spin excitations show great potential in view of an all-electrical manipulation of the molecular spin [17, 18] .
Here, we use scanning tunneling microscopy (STM) to demonstrate the presence of a combined vibrational-spin excitation in a single nickelocene molecule [Ni(C 5 H 5 ) 2 , see Fig. 1(d) ; noted Nc hereafter] coupled to a Ni atom. Nickelocene is a spin S = 1 molecule of the metallocene family with magnetic anisotropy, where spin excitations produce a sizable increase of the electronic transport [19] . We show that the on-surface assembly of a nickel-nickelocene complex (NiNc, hereafter) on Cu(100) can promote a sizable vibrational mode. A second spin excitation appears then at energies comparable to those of transition atoms on thin insulating films [20, 21] . With the help of density functional theory (DFT) calculations, we model and relate the excitations observed, and pinpoint the role played by the environment of NiNc.
The measurements were performed in an ultra-high vacuum STM operating at 2.4 K. The Cu(100) surface was cleaned in vacuo by sputter/anneal cycles, while a sputter-cleaned etched tungsten tip was employed for tunneling. The tip was further prepared by controlled tip-surface contacts to ensure a monoatomically sharp copper apex. After submonolayer deposition of Nc onto the cold (< 100 K) Cu(100) surface, well-ordered molecular assemblies on the surface were found [ Fig. 1(a) ], along with isolated Nc molecules [ Fig. 1(b) ]. The ring-shaped pattern in the images is produced by a cyclopentadienyl (Cp hereafter) ring and indicates that nickelocene is adsorbed with its principal axis perpendicular to the surface [22] . In the molecular network, however, these "vertically" adsorbed molecules coexist with "horizontally" adsorbed molecules (principal axis parallel to the surface), as sketched in the inset of Fig. 1(a) . This T-shaped configuration is governed by van der Waals interactions [23] and results in two possible molecular configurations, known as paired [ Fig. 1 (a)] and compact (not shown) [22] . Our experimental observations regarding the formation and properties of the NiNc complex showed no significant difference between the two, therefore in the following we will only focus on the paired configuration.
To build NiNc complexes, we deposited single-nickel atoms from a Ni wire source (99.99% purity) onto the cold surface (≈ 10 K) through an opening in the cryostat shields. After exposure to a small amount of Ni atoms (0.05 monolayers), a new molecular species is present in the network [ Fig. 1 Fig. 1(c) ], differentiating the present NiNc complex from those investigated numerically in previous studies, where the Ni adatom is centered on the ring [24, 25] . We show below that NiNc adopts this structure outside the molecular network (see Fig. 4 ). Figure 2 (a) presents a typical dI/dV spectrum acquired above the Cp ring of a NiNc complex in the paired network, while the d 2 I/dV 2 spectrum is shown in Fig. 2(b) . All the spectra were recorded with a lock-in amplifier (200 µV rms and 716 Hz) using a tip that was verified to have a negligible electronic structure in the bias range investigated. The dI/dV spectrum is dominated by stepped features, symmetric with respect to zero bias, which point to inelastic excitations. The energy onset of these steps, as determined over a collection of NiNc complexes, are | 1 | = 4.3±0.4 meV (the excitation is noted 1 hereafter), | 2 | = 33.9 ± 0.5 meV (noted 2) and | 3 | = 38.1 ± 0.6 meV (noted 3). The data exhibited a negligible tip dependence.
Given the similarity to the spin excitation spectrum measured above nickelocene [dashed line in Fig. 2(a) ], which is known from previous studies [19, 27] , we assign 1 to a spin excitation. To confirm this assignment, we carried out spin-polarized DFT calculations (Supplemental Sec. I, Fig. S1 ). Using the relaxed structure of NiNc determined above, we find that the d xz and d yz frontier orbitals of Nc in the complex are spread out in a range of ±1 eV around the Fermi level (Fig. S1 ). The NiNc complex has a total magnetic moment of 1.4 µ B , corresponding to an antiferromagnetic coupling between the Ni adatom (−0.2 µ B ) and Nc (+1.6 µ B ) with a charge transfer of 0.1 electrons from the substrate. The NiNc molecule has an effective spin of 1. Consequently, we model 1 via a spin Hamiltonian that includes axial magnetic anisotropyĤ The inclusion of many-body interactions in the fit throughĤ A , i.e. the inclusion of Kondo-like phenomena, is crucial for reproducing the cusp observed above the energy threshold of the spin excitation [28, 29] . The cusp is associated to a Kondo fitting parameter J ρ = −0.4 ± 0.2 that is typical for nickelocene (Supplemental Sec. III, Fig. S2 ). Excitation 2 corresponds instead to a vibrational excitation of energy | 2 | = ω = 33.9 ± 0.5 meV. The spatial dependence of the d 2 I/dV 2 signal above the NiNc molecule shows that while excitation 1 is located on the Cp ring [ Fig. 2(c) ], excitation 2 is instead maximal in the center of the ring [ Fig. 2(d) ]. To elucidate this difference, we computed the vibrational modes for the relaxed NiNc structure determined above. We use several schemes of finite difference (Supplemental Sec. II) and consistently find that in a narrow energy window around the experimental energy | 2 | there are three modes at 29.1, 31.8, and 35.5 meV. The first mode corresponds to a molecular frustrated rotation about the Ni adatom, which we discard as at variance with the experimentally observed spatial location of the vibration. The second and third mode correspond to a translational motion of the Ni atom inside Nc. The tilted adsorption geometry of Nc on the Ni adatom breaks the degeneracy of these two modes observed in the gas phase. While the 31.8 meV mode only gives a negligible change in the simulated conductance across the molecule, we find instead a dominant contribution for the 35.5 meV mode with a spatial dependence matching experimental observations [ Fig. 3(a) ]. The simulated STM image of NiNc is given in Fig. 3(b) as a reference [30] . Excitation 2 is then assigned to a Ni-Cp mode [ Fig. 3(c) ] where the internal Ni atom moves parallel to the tilted Cp ring.
Excitation 3 shows a mixed behavior. First, all the spectra recorded so far showed that the energy of 3 is the sum of the energies of 1 and of 2, | 3 | = | 1 | + | 2 | (Tab. S1). Second, 3 bears spectroscopic signatures in common with both 1 and 2. On the one hand, 1 and 3 show similar amplitudes in the dI/dV spectrum and exhibit a cusp above their corresponding excitation energies, which, as stressed above, is a characteristic feature of a spin excitation. On the other hand, 2 and 3 have the same spatial distribution over the NiNc complex [dI 2 /dV 2 maps of Figs. 2(d) and 2(e)] and their step amplitudes in the dI/dV spectra vary proportionally to one another across the NiNc molecule with a ratio of 3 ± 1 [ Fig. 2(f) and Supplemental Sec. IV]. These results are remarkable and raise the question of how a second spin excitation can be present in the NiNc complex and how it relates to a vibrational excitation.
In order to model the experimentally observed dI/dV spectrum, we extend the spin Hamiltonian of Eq. (1) to include vibrational effectsĤ
(e) ( As previously, we take a single d-level for the molecule and introduce the states d annihilated and created byd σ and d σ † with spin σ, respectively. We also assume that a molecular vibration of frequency ω is generated or annihilated byb † orb and, moreover, that the electron and vibration couple with a strength W when the state d is populated. A vibron is excited when an electron tunnels into the molecule. This in turn affects the electronic correlation included inĤ A , as well as the probability of spin excitation, which strongly depends on the occupation of the molecular orbital [29] . The computed dI/dV spectrum is presented in Fig. 3(d) (see Supplemental Sec. II for details), where D = 4.6 meV and ω = 35.5 meV. We use here a weak electron-vibration coupling of W = 20 meV as estimated from the DFT calculations presented above [31] . The results are robust to the parameters used for the molecular orbital. This model does not make use of any spin-vibron coupling. Only the electron-phonon interaction in the presence of spin excitations is able to explain the full spectra. We stress that the inclusion of dynamical electron correlations in the calculation is essential to correctly grasp the amplitude of the vibrational step. Figure 3 (e) sketches the corresponding eigenenergies and allowed excitations. The first and second excited states correspond to a spin excitation |S = 1, M = ±1; n = 0 and to a vibrational excitation |S = 1, M = 0; n = 1 , respectively. The third excited state, |S = 1, M = ±1; n = 1 , corresponds to a spin excitation energetically displaced upward in energy by a vibron. This excitation mechanism is similar to the coupled-spin vibrational Kondo effect [13] [14] [15] 32] , where replicas of the Kondo resonance are found in the tunneling spectra at energies close to ω. Consistent with this assignment, the relation between the three excitation thresholds simply reflects | 3 | D + ω. The distortion of the NiNc molecule is negligible when the molecular vibration is active as expected for a weak electron-vibration coupling. A renormalized value of D would be observed otherwise leading to 33, 34] . The relative amplitudes of the steps in the dI/dV spectrum of NiNc can also be explained using this framework. Noting the step amplitudes by σ 1 , σ 2 and σ 3 (Supplemental Sec. IV, Fig. S3 ), we find that all spectra recorded obey σ 3 /σ 0 = (σ 2 /σ 0 )(σ 1 /σ 0 ) (Tab. S2), where the vacuum barrier thickness is accounted for by the elastic contribution σ 0 . This relation indicates that the spin and the vibrational excitations occur independently one from another with transition rates proportional to σ 1 /σ 0 and σ 2 /σ 0 , respectively, while the transition rate of the combined excitation σ 3 /σ 0 is their product. This can lead, eventually, to a vibron-assisted spin excitation that exceeds in intensity the spin excitation [ Fig. 2(f) ]. The same relation among step amplitudes was observed for single and double spin excitations produced by one electron tunneling across two magnetic molecules [19] .
To conclude, we highlight the importance of the nickelocene network for observing the inelastic excitations in the NiNc complex. For this purpose, we engineered the NiNc complex outside the network via a tip-assisted manipulation [35] . To do so, we first transferred an isolated Nc to the tip [19, 27] and then transferred it back atop an isolated Ni adatom on the surface [Figs. 4(a) and 4(b) ]. The newly formed molecule [ Fig. 4(b) ] has an apparent height of 5.6 ± 0.2Å exceeding that of an isolated Nc molecule, 3.5 ± 0.1Å [ Fig. 4(c) ], and presents a perfectly ring-shaped pattern, indicating that this complex is not tilted but lies straight. The dI/dV spectrum changes completely compared to NiNc in the layer, showing now a broad resonance centered near the Fermi level [ Fig. 4(d) ]; no inelastic excitation could be evidenced. DFT calculations give a clear picture of the new adsorption configuration adopted by NiNc. The Ni adatom, which is adsorbed in a hollow position of Cu(100), is now centered on the Cp ring [ Fig. 4(e) ] and located at a distance of 2.47Å from the copper surface. This higher adsorption symmetry for NiNc follows from the absence of steric constraints with neighboring nickelocenes. The lowest unoccupied molecular orbital of an isolated NiNc can be qualitatively represented by the mixing of the p z orbitals of C and of the d xz and d yz orbitals of Ni placed around the Fermi level. The calculated magnetic moment is 1.17 µ B , which corresponds to an effective spin of 1/2. The resonance of Fig. 4(c) is then assigned to a spin-1/2 Kondo effect, a Frota-Fano fit [36] yielding a Kondo temperature of T K = 68 ± 7 K. The Kondo effect is carried by the d xz and d yz frontier orbitals of Nc as 94% of the spin density of NiNc is located on Nc. Compared to the NiNc complex of the network, the Ni adatom likely provides a hybridization pathway to the copper surface due to its central adsorption in the Cp ring, causing the effective spin of NiNc to drop, but concomitantly promoting the Kondo physics [27] .
To summarize, we have shown that nickelocene adsorbed on a Ni atom yields a vibron-assisted spin excitation at an energy that is one order of magnitude higher than usual spin-excitation energies. This excitation is described through a model including axial magnetic anisotropy, intramolecular correlations and electron-phonon coupling. The vibron-assisted spin excitation should be observable in other molecular systems having magnetic anisotropy, although the vibrational excitation associated to it might not be easily detectable. This might be the case for some nickelocene molecules in the layer.
